The data underlying the results presented in the study are available from the Open Science Foundation platform (<https://osf.io/36f9m>).

Introduction {#sec001}
============

Mucopolysaccharidosis Type I (MPS I) is a lysosomal storage disorder caused by a disfunction of α-L-iduronidase (IDUA), a lysosomal hydrolase coded by the *IDUA* gene, responsible for degrading two specific glycosaminoglycans (GAGs): heparan sulphate (HS) and dermatan sulphate (DS). IDUA deficiency results in the storage of both GAGs in the intra and extracellular compartments, leading to disruptions in cell signalling, lysosomal traffic and tissue architecture \[[@pone.0220429.ref001]--[@pone.0220429.ref002]\].

Many cell types, tissues and organs are affected by IDUA deficiency, making MPS I a systemic disease \[[@pone.0220429.ref001]\]. Clinical signs, such as hepatosplenomegaly, impaired growth, dysostosis multiplex and macroglossia are easily detected even in more attenuated phenotypes \[[@pone.0220429.ref003]\]. A wide phenotypical spectrum is described for MPS I, from attenuated to severe forms \[[@pone.0220429.ref001]\].

With the advancement of therapeutic strategies, such as enzyme replacement therapy and bone marrow transplantation, there has been an increase in both quality of life and life expectancy of MPS I patients \[[@pone.0220429.ref004]\]. Increasingly efficient therapies have enabled patients to reach puberty and, in some cases, conceive and bear children \[[@pone.0220429.ref005]--[@pone.0220429.ref007]\]. Evidences of infertility and subfertility have already been demonstrated in male and female models of some lysosomal storage diseases, especially those that present a deficiency in lipid catabolism, which interfere in steroidogenesis and consequently on gametes production and maintenance \[[@pone.0220429.ref008]--[@pone.0220429.ref014]\]. Additionally, authors have detected secondary lipid substrates storage of gangliosides and cholesterol in neurons of MPS I mice \[[@pone.0220429.ref015], [@pone.0220429.ref016]\]. Due these evidences, we suspected that steroidogenesis and consequently sexual behaviour could be affected in MPS I.

The effects of MPS I on reproduction are mostly unknown. The little research available suggests that GAG deposition may influence morphological and physiological reproductive parameters \[[@pone.0220429.ref017]\]. Our group has observed significant morphological changes in testis, sperm and epididymis of MPS I male mice \[[@pone.0220429.ref018]--[@pone.0220429.ref019]\]. Moreover, signs of precocious puberty in MPS boys have been reported \[[@pone.0220429.ref020]\], indicating it may also affect hormonal production and function.

Besides morphological changes, cognitive impairment can be observed in severe phenotypes of MPSs in general \[[@pone.0220429.ref021]--[@pone.0220429.ref022]\]. Impaired reproductive performance was detected in MPS VII model, which was attributed to the impaired mobility and cognitive function of untreated male and female knockout models \[[@pone.0220429.ref021]\].

Thus, the aim of the present study was to evaluate the effect of IDUA deficiency in male and female copulatory behaviours, as well as in plasma steroid hormone concentration in a MPS I murine model.

Materials and methods {#sec002}
=====================

Animals {#sec003}
-------

*Idua* -/- (KO) model, developed by Ohmi and colleagues \[[@pone.0220429.ref023]\], was generated by targeted disruption of the *Idua* gene. We maintained the mice colony at our institutional animal facility (Department of Psychobiology of Universidade Federal de São Paulo) through mating between heterozygotes. Mice were housed in temperature-controlled rooms, with a light/dark cycle of 12 hours, and free access to water and food. Genotyping was performed by polymerase chain reaction, with the following primers: forward: `5’-CAG ACT TGG AAT GAA CCA GAC-3’`; reverse 1: `5’-GTT CTT CTG AGG GGA TCG G-3’` and reverse 2: `5’-ATA GGG GTA TCC TTG AAC TC-3’`, as previously described \[[@pone.0220429.ref022]\].

Experimental design {#sec004}
-------------------

All adopted procedures were in accordance with the Ethical Research Committee from Universidade Federal de São Paulo (CEUA \# 4226130214 and 7148250117). We used 21 animals: 10 female (2 *Idua*+/-; 3 *Idua*+/+ and 5 *Idua-/-*) and 11 male (3 *Idua*+/+; 2 *Idua*+/- and 6 *Idua*-/-). Since MPS I is a recessive genetic disorder and heterozygotes manifest normal phenotype with no pathological behaviour or morphological characteristics, dominant homozygous and heterozygous mice were used to constitute the control group.

Male sexual behaviour {#sec005}
---------------------

We evaluated male sexual behaviour in two different time points of disease progression: 3 and 6 months of age. The same mice were evaluated in both ages. Fifteen days before testing, each male mouse was housed with an experienced *Idua*+/- female, for one week, to acquire sexual experience. Females were monitored in case of pregnancy. Males spent 24 hours isolated to minimise mounting from their cagemates before being returned to their cages, where they remained abstinent for the following week.

Copulatory behaviour was observed for 30 minutes during the dark phase, under dim red lighting. We recorded and registered the number of three typical rodent copulatory behaviours: mounts, intromissions and ejaculations, as well as the latencies for each behaviour (Adapted from Kikusui et al., 2013) \[[@pone.0220429.ref024]\].

Female sexual behaviour {#sec006}
-----------------------

Since females required daily monitoring of the oestrous cycle, we decided to evaluate them only at three months of age to minimize stress. Two-month-old female mice had their oestrous cycle registered for three complete cycles by vaginal lavage. When the third proestrus phase was recorded, around three months of age, the mice were submitted to sexual behaviour testing. The test was also performed during the dark phase, under dim red lighting, and videotaped for later scoring. Prior to the test, a healthy and sexually experienced male mouse was habituated to a neutral cage for five minutes. Following habituation, the subject was placed in the cage and they were observed for 15 minutes or until the completion of 20 mounts. This analysis was repeated for the two following proestrus phases, detected also by vaginal lavage \[[@pone.0220429.ref025]\]. The lordosis behaviour was quantified and normalised by the number of mounts performed by the male mice through calculation of the lordosis quotient (LQ = \[lordosis frequency/mounts\] \*100) \[[@pone.0220429.ref025]\].

Open field test {#sec007}
---------------

Locomotor and exploratory activities were assessed one day before male and female sexual behavioural testing, to verify whether motor impairment could interfere on sexual performance. The test was conducted in a circular arena comprised of 19 quadrants of equal surface area (7 central and 12 peripheral). Mice were placed in the centre of the arena and their activity was recorded for five minutes (adapted from Chinen et al., 2006) \[[@pone.0220429.ref026]\]. We registered the number of crossings of the quadrant line with all paws, the percentage of peripheral and central crossed quadrants, the frequency of rearing, which indicates exploratory behaviour, and the frequency of grooming, which indicates anxious-like behaviour, as a control measure. All results are present in supporting material ([S1](#pone.0220429.s001){ref-type="supplementary-material"} and [S2](#pone.0220429.s002){ref-type="supplementary-material"} Figs).

Hormone levels {#sec008}
--------------

Following behavioural testing, 3-month-old female and 6-month-old male mice were euthanized by decapitation. Post-mortem vaginal lavage was performed to ensure euthanized females were on the proestrous or estrous phases of the estrous cycle. Blood was collected in heparinised tubes, homogenised and centrifuged at 3000 *g* for 10 minutes. Plasma was collected and stored at -80^o^ C until dosage. Progesterone, testosterone and 17-β-oestradiol plasmatic levels were determined using three specific ELISA kits (Enzo Life Sciences. Product numbers: [ADI-901-011](http://www.enzolifesciences.com/product.php?pid=ADI-901-011); ADI-900-174 and ADI-900-065).

Statistical analyses {#sec009}
--------------------

Data were analysed in SPSS. We used generalised linear models or generalised estimating equations, adjusted for the data distribution as necessary. Significance was considered as p\<0.05.

Results {#sec010}
=======

Male sexual behaviour {#sec011}
---------------------

No effect of age (Mounts: χ^2^ = 1.09, p = 0.30; intromissions: χ^2^ = 0.23, p = 0.64), genotype (Mounts: χ^2^ = 0.048, p = 0.83; intromissions: χ^2^ = 1.55, p = 0.21) or their interaction (Mounts: χ^2^ = 0.97, p = 0.32; intromissions: χ^2^ = 0.012, p = 0.91) was found on number of mounts and intromissions ([Fig 1A--1C](#pone.0220429.g001){ref-type="fig"}). However, KO mice presented greater latencies of mounts (χ^2^ = 18.79, p \<0.001) and of intromissions (χ^2^ = 9.71, p = 0.002) when compared to wild types, independently of age (Mounts: χ^2^ = 1.45, p = 0.23; intromissions: χ^2^ = 2.95, p = 0.086). No effect of the interaction between age and genotype was found on either mount (χ^2^ = 2.93, p = 0.087) or intromission latencies (χ^2^ = 1.80, p = 0.18) ([Fig 1D--1F](#pone.0220429.g001){ref-type="fig"}).

![Analysis of male sexual behaviour.\
(A-C) Frequency of male copulatory behaviours (mount, intromission and ejaculation). (D-F) Latency of male copulatory behaviours (mount, intromission and ejaculation). *Idua*+/\_ and *Idua*-/- mice were previously adapted to mating and exposed to oestrous-induced females. In males, tests were performed in two different time points of MPS I progression: 3 and 6 months of age. The experiment was performed under dim-red light, for 30 minutes Statistical analysis: generalized estimating equations. \*p\<0.05 compared to control group.](pone.0220429.g001){#pone.0220429.g001}

Among those mice whose reached ejaculation in 30 minutes, the number of ejaculatory episodes did not statistically differ between control and KO mice, independently of age (χ^2^ = 0.001, p = 0.971). Due to the low number of such copulatory behaviour, the latency of ejaculation could not be statistically compared between the groups ([Fig 1F](#pone.0220429.g001){ref-type="fig"}).

To explore the influence mobility issues may have exerted in these observed increased latency of mounts and intromissions, we performed new analyses for both variables including total quadrants crossed as a control variable. Number of quadrants had an effect on latency of mount (χ^2^ = 5.73, p = 0.017) but not latency of intromission (χ^2^ = 1.82, p = 0.18).

Female sexual behaviour {#sec012}
-----------------------

There was no effect of genotype on both lordosis frequency (χ^2^ = 0.603, p = 0.44) or lordosis quotient (χ^2^ = 0.025, p = 0.876) ([Fig 2](#pone.0220429.g002){ref-type="fig"}).

![Analysis of female sexual behaviour.\
Two-month-old *Idua*+/\_ and *Idua*-/- female mice were accompanied through three consecutive oestrous cycles. In the third proestrus phase, they were exposed to an experienced male to evaluate sexual behaviour. The analysis was repeated for the two following proestrus phases. The experiment was performed under dim-red light, for 15 minutes or until the completion of 20 mounts. Statistical analysis: generalized estimating equations.](pone.0220429.g002){#pone.0220429.g002}

### Hormonal plasmatic measurements {#sec013}

No effects of genotype were found on the plasmatic levels of oestradiol (χ^2^ = 0.74, p = 0.39), progesterone (χ^2^ = 0.036, p = 0.85) or testosterone (χ^2^ = 0.82, p = 0.36) in female mice. Similarly, no effects of genotype were found on plasmatic levels of oestradiol, progesterone and testosterone in males (χ^2^ = 2.90 p = 0.088; χ^2^ = 0.12, p = 0.73; 1.47, p = 0.23, respectively) ([Table 1](#pone.0220429.t001){ref-type="table"}).

10.1371/journal.pone.0220429.t001

###### Analysis of plasmatic levels of steroid hormones.

![](pone.0220429.t001){#pone.0220429.t001g}

                            Male                           Female                                                       
  ------------------------- ------------------------------ ----------------------------- ------------------------------ ------------------------------
  Testosterone (ng/dL)      168.77 (36.31--316.72)         172.99 (47.63--498.92)        184.98 (180.02--362.59)        150.15 (36.99--288.95)
  Progesterone (ng/dL)      17867.96 (13067.28--21338.2)   18249.4 (17936.7--19123.22)   19971.09 (3765.26--105844.6)   13184.11 (4347.85--99080.23)
  17-β-Oestradiol (ng/dL)   37.37 (33.54--138.68)          36.61 (29.94--40.68)          83.11 (40.11--4021.61)         66.60 (36.99--121.80)

After behavioural analysis, both male and female mice were euthanized and their blood was collected for testosterone, progesterone and 17-β-oestradiol quantification. Values are expressed by median (minimum--maximum). Statistical analysis: generalized linear model.

Discussion {#sec014}
==========

This study aimed to elucidate the effects of IDUA deficiency on copulatory behaviour in the MPS I model. GAGs are important for reproductive physiology, and their distribution in the reproductive tract is closely associated with sexual hormonal levels \[[@pone.0220429.ref027]--[@pone.0220429.ref029]\]. While this is the first study to investigate sexual behaviour in an MPS I murine model, Soper el al. (1999) had previously provided a similar description in MPS VII mice \[[@pone.0220429.ref021]\]. In their study, reproductive performance of β-glucuronidase KO mice was increased after enzymatic replacement therapy, which suggests GAG storage may exert a negative influence in sexual behaviour. However, the authors attributed their results to the improvement in cognitive functions and mobility after treatment, since ovaries of treated females had follicles and corpora lutea and testes of treated males were capable of producing sperm \[[@pone.0220429.ref021]\].

In the present work we did not observe a significant impairment in copulatory behaviour of neither male nor female KO mice. While male MPS I mice had greater latencies of both mount and intromission, we attributed this to the impaired mobility observed in MPS I mice. However, after controlling for the influence of horizontal mobility, we concluded mobility may not influence intromission latency as much as mount latency. While courting behaviours, such as chasing the female through the testing arena, preclude the first mount and require great levels of agility \[[@pone.0220429.ref030]\], mobility may not be as important for performing the first instance of intromission after the first mount has been performed.

Control for copulatory behaviour is largely performed by the hypothalamic preoptic region \[[@pone.0220429.ref031]\]. MPS I mice have been shown to accumulate GAGs and secondary substrates, such as gangliosides and cholesterol, in their hippocampus and amygdala \[[@pone.0220429.ref015]\]. It is possible these substrates are also present in the hypothalamus, which could impair neuronal function and disturb regulation of copulatory behaviour.

Female KO mice crossed fewer total and central quadrants compared to their WT counterparts, which is in accordance with previously published findings \[[@pone.0220429.ref022]\]. Male KO mice, however, crossed more centre quadrants in the open field test, which is an unexpected behaviour in rodents since they prefer to walk near vertical surfaces \[[@pone.0220429.ref032]\]. This behaviour could evidence a cognitive impairment of KO mice.

Since steroidal hormones are synthesised from cholesterol and lysosomes play a crucial role in steroidogenesis \[[@pone.0220429.ref033]\], we suspected that disruptions in lysosomal hydrolases could impair hormone production. Testosterone, 17- β-estradiol and progesterone act on hypothalamic structures to control sexual appetite and behaviour \[[@pone.0220429.ref034]--[@pone.0220429.ref037]\]. However, in the evaluated time point of MPS I progression, levels of plasma testosterone in males and progesterone and 17- β-estradiol in females did not differ from their control counterparts, which could explain the normal pattern of copulatory behaviour observed in these mice.

The similarity of hormone levels between KO and control mice, in both genders, further suggest that higher latencies of male mounts and intromissions are related to motor dysfunction. It is possible we were unable to find differences in female copulatory behaviour between genotypes because male copulatory behaviour requires more mobility when compared to the female behaviour \[[@pone.0220429.ref038]\]. Thus, the motor limitation described in MPS I females appeared to not be relevant for sexual behaviour.

Ejaculation could not be observed in all male mice, independently of group and age. We attribute this result to the test duration, since mice may take longer than 30 minutes to reach the first ejaculation \[[@pone.0220429.ref024]\]. However, we adopted this test duration to avoid female pregnancies, since they were not ovariectomised and our main objective was to evaluate the male ability to execute the expected copulatory behaviours in rodents. It is important to note that two KO male mice presented a poor sexual performance during sexual behaviour test, however, both were able to fertilize healthy females during the habituation protocol of sexual activity \[[@pone.0220429.ref019]\]. This suggests reproductive performance overall is still successful in MPS I mice, despite the impairment in mobility observed in these animals. It is possible further improvements would be observed if mice were treated with enzyme replacement therapy, given this treatment has been shown to restore mobility in MPS I mice \[[@pone.0220429.ref039]\].

In conclusion, we found that IDUA deficiency does not impair copulatory behaviour in female and male mice. Moreover, this enzymatic deficiency also does not influence steroidal hormonal production.

Supporting information {#sec015}
======================

###### Analysis of male locomotor activity.

Three and 6 months old male *Idua*+/\_ and *Idua*-/- were submitted to open filed test during 5 minutes in the previous day of sexual behaviour test. The number of central and peripheral quadrants was counted, as well as the number of episodes of rearing (vertical activity) and grooming. Statistical analysis: generalized estimating equations. \*p\<0.05 compared to control group.

(TIF)

###### 

Click here for additional data file.

###### Analysis of female locomotor activity.

Three-month-old female *Idua*+/\_ and *Idua*-/- were submitted to open field test for 5 minutes the day before sexual behaviour testing. The number of central and peripheral quadrants was counted, as well as the frequency of rearing (vertical activity) and grooming. Statistical analysis: generalized linear models. \*p\<0.05 compared to control group.

(TIF)

###### 

Click here for additional data file.
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